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INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
In recent years, the interest in heat transfer to fluids at nearcritical conditions has increased dramatically. This is due to the rise in the number of industrial applications using fluids at near-critical pressures, which are motivated by the desirable properties they exhibit. Consequently, the need for a better understanding of the heat transfer phenomena at these conditions has also increased.
The majority of the heat transfer studies to fluids at supercritical pressures have focused on forced convection in channels, and have been reviewed by Pioro et al. [1] . On the other hand, relatively few studies have focused on natural convection heat transfer. Some of the earliest experimental work on heat transfer to carbon dioxide at near critical pressures was performed by Knapp and Sabersky [2] , Goldstein and Aung [3] , and Grigull and Abadzic [4] . Grigull and Abadzic studied heat transfer at subcritical pressures, whereas Goldstein and Aung, along with Knapp and Sabersky, only studied natural convection heat transfer at supercritical pressures. Bubble-like flow patterns were first reported by Griffith and Sabersky [5] , and later by Knapp and Sabersky. Abadzic and Goldstein [6] did not notice any bubble-like activity. Nishikawa et al. [7] and Hahne and Neumann [8] studied the relation between the bubble-like flow and the heater material. The appearance of the bubble-like activity was reportedly followed by a sharp increase in the heat transfer coefficient (h). These studies concluded that the appearance of this flow pattern depended directly on the geometry and material of the heating surface, as well as fluid properties.
Hahne [9] performed experiments using platinum wires ranging in size from 50 µm to 300 µm in supercritical carbon dioxide. He found that the heat transfer coefficient showed a sharp increase with pressure (P) close to the critical pressure (P c = 7.3773 MPa for CO 2 ). Also, it was shown that there is a sharp increase in h when the heater wall temperature (T w ) is close to the critical temperature (T c = 30.978 °C for CO 2 ) or the pseudocritical temperature (T pc , also called the transposed critical temperature). The pseudocritical temperature is defined as the temperature at which the specific heat capacity (c p ) reaches its maximum, for a given supercritical pressure. The heat transfer coefficient decreased when T w > T pc . The observed behavior was attributed to the large variations of the fluid property close to T c and/or T pc . The specific heat at constant pressure, for example, becomes infinite at the critical point. When P increases (P > P c ), the same behavior is observed at the T pc corresponding to P. To illustrate this, Fig. 1 shows the variation of some thermodynamic properties of CO 2 with temperature at P = 8.10 MPa (T pc = 35.25 °C). Relatively few correlations have been proposed for free convection heat transfer at near-critical pressures. However, none of them give satisfactory results. A major reason for this is the fact that there is no consensus with regards to the temperature at which the fluid properties are to be evaluated, and how these property variations are to be accounted for.
The lack of understanding of natural convection in fluids close to critical conditions is limiting our ability to design and develop systems that operate at these conditions. Hence there is a need to better understand the fundamentals of natural convection heat transfer at these conditions. This study was designed to address some of these issues. The goal of the present investigation is to further our basic understanding of heat transfer phenomena at near-critical pressures and to extend the experimental database. Based on the experimental data we hope to develop accurate correlations for free convection heat transfer to carbon dioxide at near-critical conditions. A numerical study of natural convection heat transfer at near-critical pressures was simultaneously conducted. This is described in [10] .
EXPERIMENTAL APPARAT EXPERIMENTAL APPARAT EXPERIMENTAL APPARAT EXPERIMENTAL APPARATUS US US US
The experimental apparatus consists of a horizontal wire mounted in a high pressure cylindrical stainless steel 316 vessel. The inner dimensions of the vessel are 100 mm in height and 41.3 mm in diameter, and the outer dimensions of the vessel are 254 mm in height and 150 mm in diameter. In order to enable visual observation, four single-crystal sapphire windows are provided on the high pressure vessel. The diameter of these windows is 38.1 mm. Visualization of the phenomenon was accomplished using a high speed (Fastec HR) camera. A schematic of the experimental apparatus is shown in Fig. 2 .
SCHEMATIC OF THE EXPERIMENTAL APPARATUS
The bulk fluid temperature is controlled by circulating of a mixture of water and ethylene glycol through channels provided within the vessel's walls. A recirculating chiller is used to control the temperature of the recirculating mixture. The pressure inside the vessel is measured by a bourdon pressure gage, while the temperature of the bulk fluid is measured with a thermocouple and a four-wire RTD probe.
The test fluid used in the experiment is bone dry CO 2 . The filling and pressurization of the test chamber is performed using a manual high pressure generator (HiP 62-6-10). Platinum (99.99% pure) was selected as the material for the wires, since its temperature dependant electrical resistance is well known. The resistance of the wire is measured using a four-wire resistance measurement circuit. Two of the wires are used to connect the heater to the DC power supply, while the other two wires are used to measure the voltage drop across the heater wire. This drop is measured using a digital multimeter (Keithley, model: 2100). The current supplied is calculated based on the voltage drop measured across an external shunt resistor. The wire is heated by a constant voltage power source. Fluid properties are calculated using the REFPROP software from NIST [11] . Prior to each test run, the high pressure vessel is filled at room temperature with CO 2 . With the cylinder still connected to the test chamber, the vent valve is opened in order to purge the vessel of any impurities. The purging is repeated three times. For the final fill, the temperature of the vessel is lowered to about 8-10 °C. Once the chamber is filled, the pressure in the test chamber is set using the high pressure hand pump. The bulk fluid temperature is set using the external recirculating chiller.
Before each test run, once the bulk conditions are established in the test chamber, the resistance of the heater is measured. This measured resistance and T b are used as the reference resistance and reference temperature when the heater resistances measured during a test run are converted to temperature. During each test run, T b and P are maintained constant while the power (and hence T w ) is increased using the DC power supply.
The wire sizes used are 25.4 µm, 76.2 µm and 100 µm for platinum and 101.6 µm for nichrome 60/20. The length of the wires is almost constant, varying from 22.5 mm to 24.2 mm. Table 1 shows the different pressures and bulk temperatures for which experiments were performed. As shown in Table 1 , experiments were conducted at subcritical and supercritical pressures. For the supercritical region, the reduced pressure (P/P c ) varied in the range 1. 
where q is the heat flux, V and I are the voltage and current supplied to the heater, respectively. A h is the heater surface area (A h = πDl).
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The accuracy of the bulk temperature measurement is ± 0.1 °C, while the accuracy of the pressure measurement is ± 0.035 MPa. Uncertainty in voltage measurement (voltage drop across the wire and across the shunt resistance) is 0.005 % of full scale reading ± 0.01 mV, and the uncertainty of the shunt resistance is ± 0.5 mΩ.
As a result, the estimated uncertainty in T w varies from ± 0.2 % to ± 0.03 % as T w varies from about 10 °C to 220 °C. Uncertainty in the heat flux is almost constant, at ± 1.5 %. Although relative uncertainties in T w and q are small, for low T w -T b , the uncertainty in h can be quite large. For example, for T w -T b < 0.3 °C, uncertainty in h is approximately 100 %. However, the uncertainty in h decreases rapidly to around 5 % when T w -T b > 3 °C.
It must be noted that even though the uncertainty in P is only ± 0.035 MPa, as P becomes close to P c , even this small uncertainty in P can result in significant changes in the property values. This is due to the fact that the properties are very sensitive to P, when P ≈ P c . This in turn will increase the uncertainty in the calculated dimensionless parameters, such as the Nusselt number (Nu), the Grashof number (Gr) or the Prandtl number (Pr). Figure 3 shows the variation of q with T w for T b = 10 °C, D = 76.2 µm and for P varying from 6.30 to 9.60 MPa. The log/log scale was chosen so as to display the entire range of data. 
EXPERIMENTAL RESULTS

VARIATION OF HEAT FLUX WITH WALL TEMPERATURE FOR SUPERCRITICAL AND SUBCRITICAL PRESSURES
The above figure illustrates the similarities between free convection heat transfer at both supercritical and subcritical pressures. Heat flux varies with T w in a similar way whether P < P c (before the onset of nucleate boiling) or P > P c . It is also seen in Fig. 3 that the heat transfer phenomenon occurring at P > P c , when T w > T pc , is similar to that observed during film boiling (when P < P c ), though no phase change occurs when P > P c . This is because at P > P c , and T w > T pc , the heater surface is completely enveloped in a layer of low-density ("gas-like") fluid. This is similar to heater being enveloped by a vapor film during film boiling. Figure 4 shows the variation of h with T w for the same data plotted in Fig. 3 . Figures 3 and 4 show that free convection heat transfer pre and post T pc and T sat appear to have similar trends at both subcritical (P < P c ) and supercritical (P > P c ) pressures. The differences between subcritical and supercritical pressures became obvious as soon as nucleate boiling begins for subcritical pressures. Boiling heat transfer at near-critical pressures will be the focus of a future study and hence will not be discussed in this paper. The effect of independent variables on heat transfer coefficient in natural convection is described in a systematic way in this section. Figure 5 shows the variation of h with (T w -T b ) for D = 76.2 µm and varying T b and P; Data for P = 6.65 MPa, T b = 25 °C; and P = 6.30 MPa are not shown due to limited natural convection data at these conditions. It can be seen in Fig. 5 that, for given T w < T sat , the values of h are larger when T b is close to the saturation temperature (T sat ). Also, the increase in h with (T w -T b ) is greater for higher T b . Irrespective of P, at low values of T w , h increases rapidly with increasing T w ; h increases much more slowly at higher T w (T w -T b ≥ 3 °C). Natural co Natural co Natural co Natural convection heat transfer to nvection heat transfer to nvection heat transfer to nvection heat transfer to supercritical supercritical supercritical supercritical CO CO CO CO 2 2 2 2 Figure 8 shows the variation of h with T w for a given D and varying T b and P. In all cases shown in Fig. 8 , h increase rapidly with the increase in T w (for T w < T pc ); reaches a maximum and then decreases with further increase in T w (for T w > T pc ). From Fig. 8(a) , it can be seen that the peak value of h increases with T b provided T b < T pc (T pc = 31.7 °C). On the other hand, when T b > T pc , h decreases with increasing T b . Also note that for T w < T pc , the rate of increase in h is strongly dependent on T b . The closer T b is to T pc , the greater is the increase in h. The maximum value of h is also higher when T b is closer to T pc . This is due to the large property variations close to T pc . The heat transfer coefficient shows slight dependence on T b when T w is large (T w > T pc ). Also note that for all cases, whether T b < T pc or T b > T pc , when T w > T pc , h is slowly decreasing with the increase in T w . The transition from T w < T pc to T w > T pc is accompanied by a large decrease in the density of the fluid in the immediate vicinity of the heater. When T w > T pc , the heater surface is completely enveloped in a layer of low-density ("gas-like") fluid. While no phase change occurs, this phenomenon is similar to film boiling, when the heater is enveloped by a vapor film. FIG FIG  FIGURE 9 URE 9 URE 9 URE 9. . . . VARIATION OF HEAT TRANSFER COEFFICIENT WITH Tw -Tpc FOR DIFFERENT PRESSURES, AT FIXED BULK TEMPERATURE Figures 9 show the variation of h with (T w -T pc ) at a fixed T b when P is varied parametrically. For a given T b and T w < T pc , h increases with decreasing P. Larger magnitudes of h are obtained as P becomes close to P c . For T w ≈ T pc , h peaks, and the magnitude of this peak is directly related to P. For T w > T pc , h decreases slightly with the increase in P.
The effects of T b and P on h are closely related. The influence of P on h is greatest when T b is close to T pc , as shown in Fig. 9(c) . On the other hand, Fig. 9(a) shows that for sufficiently low T b , the peak values of h are almost independent of P. One can surmise that for a large enough value of P, the effect of T b would be negligible. Similarly, the influence of T b on h is greatest when P is close to P c , as shown in Fig. 9(a, b, c and d) .
Fluid properties such as k, c p and β attain their maximum value at T pc , hence it is reasonable to expect h to be maximum when T w = T pc . While the temperature at which the peak in h occurs is close to T pc , as shown in Fig. 9 , it is rarely at T pc . The value of T w when h is maximum (denoted as T w,peak ) is always greater than T pc . Figure 10 shows (T w,peak -T pc ) as a function of (T pc -T b ), for varying T b and P, and a given D. Experimental results from [9, 13] are included. In spite of the scatter in the data (due to the extreme sensitivity of the peak in h on T w ), a clear trend can be seen in Fig. 10 . For a given P, as T b increases, T w,peak comes closer to T pc . While we could expect T w,peak = T pc for T b = T pc , with the available data it is not possible to estimate the value of T b for which T w,peak = T pc . In addition, it is not possible to discern the reason for this behavior from the experimental data. Detailed numerical simulations are the only way to explain the reason for this.
The effect of wire diameter on natural convection heat transfer to supercritical CO 2 was also studied. Figure 11(a) shows h as a function of T w for two pressures and various bulk temperatures, for the three platinum wires studied in this work. Wire size appears to have no influence on the general trend of the curves. For the same T b and P, h increases at the same rate for all wire diameters, it peaks for the same T w and then decreases at the same rate. This trend is consistent for all data sets, even when T b > T pc . The slight differences between the curves are attributed to the uncertainties, especially in the vicinity of T pc . As can be seen in Fig. 11(a) , the wire size affects the values of h. The heat transfer coefficient at given P and T b increases as D decreases. The dependence of h on D is found to be h ∝ D -0.5 , as shown in Fig. 11 (b) for given P and T b ; the dependence is the same for T w < T pc and T w > T pc . As mentioned earlier, standard textbook correlations [12] give h ∝ D -0.25 for laminar flow. The present results differ from those obtained by Hahne [9] , where h ∝ D -0.333 . Morgan [14] , on the other hand, suggests that for 1 ≤ Ra ≤ 10 4 (which is the approximate range of this study), h ∝ D n , n varying from -0.56 to -0.44. Ghorbani-Tari and Ghajar [15] suggest h ∝ D -0.44 . Kato et al. [13] recommend h ∝ D -0.25 , although only one wire size was used in their study. The experimental data for the present study was obtained for 25.4 µm ≤ D ≤ 100 µm. For small wire diameters, the boundary layer surrounding the wire is approximately of the same size as the wire. But for larger diameter, the size of the boundary layer becomes much smaller than the wire diameter. Therefore we could expect the dependence on the diameter to vary with a large increase in wire diameter. 
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T w < T pc FIG FIG FIG  FIGURE 11 URE 11 URE 11 URE 11. . .
. (a) VARIATION OF THE HEAT TRANSFER COEFFICIENT WITH THE WALL TEMPERATURE FOR DIFFERENT PRESSURES, BULK TEMPERATURES AND WIRE DIAMETERS -(b) DEPENDANCE OF THE HEAT TRANSFER COEFFICIENT ON THE WIRE DIAMETER FOR VARIOUS Tw -Tb
Visual observations were performed using a high-speed camera. Movies of the convective phenomena were recorded using normal lighting and also using a Schlieren setup. However, since the Schlieren movies did not provide any additional details (when compared to the regular movies), it was not pursued any further.
Visual observations show that thin convective plumes develop when T b close to T pc , and T w > T pc . Similar observations were reported by Kato et al. [13] . Figure 12 shows these plumes emanating from the wire for P = 7.50 MPa, T b = 31 °C, T w = 44 °C, q = 8.15x10 4 W/m 2 , and D = 25.4 µm. Similar flow patterns were observed in [6] , [13] and [16] . FIG FIG  FIGURE 12 URE It must be noted that for P close to P c and for T b close to T pc , the flow pattern oscillates between thread-like columns (shown in Fig.  12 ) and structures shown in Fig. 13 .
FIG
Further increase in T w results in alternate appearance of orderly thick columns and a disorderly flow pattern, as shown in Fig. 14 for two different time instances (903 ms apart).
The shape of the columns seen in Fig. 14(a) is similar to the ones photographed by Abadzic and Goldstein [6] . If a larger view of the plumes on top of the wire were available, we could expect to see turbulent bursts appear during break up of these columns.
The appearance of these patterns was also reported by Dubrovina and Skripov [16] and Goldstein and Aung [3] . Tamba et al. [17] recorded similar flow patterns but for a much higher wall temperature ((T w -T b ) = 400 °C). The effect of these patterns was to induce oscillations in the recorded voltage and/or current. This in turn resulted in oscillations in the calculated wire resistance and hence in the calculated wall temperature. Therefore these oscillations associated with shifts in patterns induced a higher uncertainty in the data (though it is difficult to accurately quantify). Also, the intensity of these oscillations appeared to increase with increase in T w . In the present study, these patterns were only seen for P ≈ P c , T b ≈ T pc , and T w > T pc .
Goldstein and Aung [3] recorded bubble-like flow patterns using platinum wires, whereas Nishikawa et al. [7] and Hahne and Neumann [8] never observed such activity using platinum wires. Observations from [7, 8] are in agreement with the observations of the present study, in that no boiling-like phenomenon occurs at supercritical pressures when platinum wires are used. Knapp and Sabersky [2] , and Griffith and Sabersky [5] have described and recorded bubble-like flow patterns. The wire material in [5] was not reported, but [2] used nichrome wires. Nishikawa et al. [7] and Hahne and Neumann [8] have compared the flow patterns obtained for different wire materials. In both studies, the use of nichrome wires resulted in the appearance of a boiling-like phenomenon at supercritical pressures. The influence of wire material on h was also investigated in [7, 8] . In [7] , results obtained for platinum and alumel wires were similar, but differences appeared between platinum and nichrome wires were used. The heat transfer coefficient values were found to be larger (by approximately 12 %) using nichrome wires. Differences between platinum and nichrome wires were also reported in [8] , h being larger by approximately 10 % with nichrome wires.
To investigate the effect of wire material on heat transfer to supercritical carbon dioxide, a few test runs were performed using a 101.6 µm diameter nichrome 60/20 wire. The flow patterns were recorded. Comparison between heat transfer coefficients obtained with a 100 µm diameter platinum wire (solid symbols) and 101.6 µm diameter nichrome 60/20 (open symbols) are shown in Fig. 15 . Figure 15 shows that the results for platinum and nichrome are very similar. The only differences that can be noted are due to uncertainties, especially when P ≈ P c . These results disagree with that in [7] , where data obtained for platinum and nichrome wires showed significant dependence of h on the wire material. 
INFLUENCE OF THE WIRE MATERIAL ON THE VARIATION OF HEAT TRANSFER COEFFICIENT WITH WALL TEMPERATURE, FOR DIFFERENT PRESSURES, AND BULK TEMPERATURES
Visual observations were performed using a high-speed camera, to investigate the occurrence of the boiling-like phenomena. As shown for platinum (Figs. 12-14) , alternating orderly columns and chaotic fluid motion were also observed using a nichrome 60/20 wire, for P ≈ P c , T b ≈ T pc , and T w > T pc . Figure 16 No boiling-like phenomena were observed for 7.50 MPa ≤ P ≤ 9.60 MPa, 10 °C ≤ T b ≤ 31 °C, even when the exact conditions reported in [8] were reproduced. On certain frames, what could be construed as bubbles were observed during the chaotic flow pattern, as marked in Fig. 17(a) by a dashed line. What could be assumed to be bubbles if one were to just look at a single frame turns out to be nothing more than the formation of chaotic flow structure. Figure  17(b) shows the evolution of these bubble-like structures, 0.25 s after Fig. 17(a) was recorded. It is obvious that these bubble-like structures were in fact just the beginning of chaotic flow patterns. FIG  FIG FIG  FIGURE 17 . [9, 13, 15] , were used to correlate the experimental results obtained in these investigations, but none of them showed a good agreement with the present data. As a consequence, a new correlation had to be developed. But first, the temperature at which fluid properties are to be calculated has to be specified.
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The behavior of the fluid properties has profound implications on natural convection heat transfer. Additionally, the rapid variation of the properties makes the development of correlations for heat transfer very challenging. The dimensionless natural convection heat transfer (Nu) is usually expressed in the form, Kato et al. [13] proposed the use of integrated mean property values, defined as,
where Φ is the property of interest and the subscript (i) refers to the mean integrated value. However, since c p and β show singular behavior at T pc , Kato et al. [13] proposed approximating c p as,
where i is the specific enthalpy. Similarly, β∆T was expressed as,
where ρ i is the integrated mean value of ρ(T) over the temperature range. Hahne [9] used the same expressions for other properties, only modifying Eq. (5) as,
i i being the integrated mean value of i(T). The effect of the choice of reference temperatures and the property evaluation methods on Ra and Nu is shown in Fig. 18 . Figures 18(a) and 18(b) show the variation of Nu and Ra respectively as a function of (T w -T b ) / T b , while Fig. 18(c) shows Nu as a function of Ra. The data plotted in Fig. 18 Fig. 18 show that initially, as Ra increases (due to the increase in T w ), Nu increases. When T w > T pc , at a particular temperature both Ra and Nu reach a maximum; further increase in T w results in the decrease of both Ra and Nu (except when T b is the reference temperature). The problem that is encountered is the fact that Ra and Nu do not peak at the same value of T w . Note that there are instances where Ra decreases but Nu continues to increase. This results in the Nu vs. Ra curve looping back upon itself (as shown by a dotted line and arrows in Fig. 18 (c), with T w as the reference temperature). Additionally, the wall temperature at which h and Nu peak do not coincide. This is a direct consequence of the variation of k with T w . This behavior of Nu and Ra is observed for all reference temperatures (T w , T f and T ref suggested in [18] ) and property evaluation methods (integrated), except T b . Using T b as the reference temperature for property evaluation results in the property values being constant. As a result, both Nu and h increase or decrease in unison, while Ra increases with T w . In this study, T b is used as the reference temperature for property evaluation. Hence, Equs. (2) and (3) 
While several correlations for free convection heat transfer from a horizontal cylinder have been proposed, the simplest one is the one proposed by McAdams [12] Nu Ra
where C and m are empirical constants and fluid properties are calculated at the mean film temperature. Morgan [14] also chose this simple form for his correlation. Some of the correlations presented for heat transfer to carbon dioxide at supercritical pressures are also based on the same form [13, 15] . In this study we use Eq. (10) as the basis for developing the correlation. The only difference is that all the fluid properties will be calculated at the bulk fluid temperature, for the reasons discussed earlier.
Correlation of the experimental data is done in two parts; one for subcritical pressures (P < P c ) and one for supercritical pressures (P > P c ). The supercritical part is further subdivided into two; one for T w < T pc and another for T w > T pc . This is due to the fact that h increased with T w for T w < T pc and decreased with T w when T w > T pc . Consequently, the exponent in Eq. (10) is positive for the first part and negative for the second. No correlation was developed for T b > T pc , since experiments were conducted for only one pressure and one bulk temperature.
Correlation for P < P Correlation for P < P Correlation for P < P Correlation for P < P c It should be noted that Grigull and Abadzic [4] proposed a correlation for free convection heat transfer at subcritical pressures of the form 0.125 Nu 0.94Ra =
with properties calculated at the mean film temperature. Figure 19 shows comparison of the experimental data with the predictions of heat transfer coefficient from the present correlation (Eq. (11)) and the one given in [4] (Eq. (12)). Note that in Fig. 19 we plot h instead of Nu, because Eq. (11) and Eq. (12) do not use the same property evaluation method. The predictions from the present correlation (Eq. (11)) match well with the experimental data, but the predictions from the correlation given in [4] systematically underpredict the values of h. Equation (11) was modified slightly to correlate the data for P > P c and T w < T pc . Note that for P > P c , T pc replaces T sat and hence i pc replaces i sat in Eq. (11) . Additionally, since h was found to be proportional to D -0.5 (as compared to h ∝ D -0.64 for P < P c ), the term Ga c 0.047 is used to account for the diameter effect. The Galileo Number (Ga) is defined as, 3 2 Ga gD ν = (13) and all properties are evaluated at critical conditions (P c and T c ). The modified version of Eq. (11) 
with 1 ≤ Ra b ≤ 3.6 x 10 5 . Ra is defined as in Eq. (9).
Correlation for P Correlation for P Correlation for P Correlation for P > P > P > P > P c For T w > T pc , Gr defined based on β∆T was used instead of (∆ρ/ρ). For all the experimental data, the dependence of Nu on ∆ρ/ρ, therefore on Ra as in Eq. (3), was found to be constant for T w < T pc and for P < P c . But, as shown in Fig. 21 , this is not true for T w > T pc . For T w > T pc , Nu was found to be proportional to β∆T, thus to Ra defined with β∆T and not ∆ρ/ρ. 
Note that for both Eq. (14) and Eq. (15), i pc -i b will go to zero when T b = T pc , and so cannot be used for T b = T pc . Figure 22 shows comparisons of the experimental data with the predictions from the correlations (Eq. (14) and Eq. (15)) for various conditions.
The predictions match well with the experimental data. Note that the maximum value of h is at the intersection of the two curves (Eq. (14) and Eq. (15)). It is important to note that the correlations show the same trend as the experimental data. For example, for given P and D, as T b increases, the maximum value of h increases. Figure 23 shows the comparison between the experimental data and the correlations available in the literature [9, 13, and 15] , for the same conditions as in Fig. 22 .
COMPARISON BETWEEN EXPERIMENTAL AND PREDICTED VALUES OF THE HEAT TRANSFER COEFFICIENT FOR VARIOUS EXPERIMENTAL CONDITIONS
Note that in the above correlations the effect of cylinder diameter is accounted for in Ra, and that only [9] obtained data for several cylinder diameters.
Refering to the comparison shown in Fig. 23 , it is clear that Eq. (20) [15] does a poor job of predicting the experimental data, especially at large values of T w , even for the same wire diameter as used for the development of the correlation. Equations (16) [9] and (18) [13] predict the same trend as the present experimental data, though the predicted values differ somewhat from the experimental data. Also note that the diameter effect is not accounted for correctly. The predicted values overpredict the experimental data for D =100 µm (Figs. 23(a) and 23(b) ). On the other hand, they underpredict the experimental data for D = 25.4 µm (Fig. 23(c) ).
Figure 24(a) shows the comparison between predictions (from Eq. (14)) and data for Nu, for T w < T pc and T b < T pc . The data presented include data from Hahne [9] and Nishikawa et al. [7] . The range of parameters is: Data from the present study, along with data from Hahne [9] , Goldstein and Aung [3] , Abadzic and Goldstein [6] , Tamba et al. [17] and Nishikawa et al. [7] was compiled for T w > T pc and T b < T pc . Comparison between predicted (from Eq. (15)) and experimental Nusselt Numbers is presented in Fig. 24 The comparison shows that the correlation predicts almost all of the data within ± 15 %. Only exception being the data from [7] . Comparison between experimental results from [7] and with experimental data from [9] and [3] for T w > T pc , shows large differences for the same experimental conditions. This could explain the deviation between experimental values of Nu from [7] and predicted values. Data points predicted outside the ± 15 % range, from the present study and [9] , are for experimental conditions very close to critical pressure and temperature, i.e., 7.40 MPa ≤ P ≤ 7.50 MPa and 30 °C ≤ T b ≤ 31 °C. The extreme temperature dependence of the fluid properties as well as the larger uncertainties in data in this region could be the reason for the observed discrepancy. To extend the range of the present correlations (Eq. (14) and Eq. (15)), the predicted values were compared with the experimental data of [13] and [19] . The data in [13] were for D = 2 mm while those in [19] were obtained using 3, 6 and 9 mm diameter cylinders. Hollow tubes made of stainless steel were used in both studies. The values predicted (using Eqs. (14) and (15)) were found to be much lower (2-3 times lower) than the experimental data from [13, 19] . The reason for this difference appears to be the dependence of h on D changes as D increases (i.e. the film thickness becomes much less than D as D becomes large).
CONCLUSIONS CONCLUSIONS CONCLUSIONS CONCLUSIONS
Experiments on natural convection heat transfer from small wires to CO 2 at near-critical pressures have been performed. Experimental results highlight the extreme dependence of h on several parameters, namely: (1) pressure, (2) bulk fluid temperature, (3) wire temperature and (4) wire diameter. Based on the analysis of the obtained data, correlations have been developed to predict Nu at various conditions. These conditions are the following, (1) Subcritical pressures (P < P c ) and T w < T s : Eq. (11), (2) Supercritical pressures (P > P c ) and T w < T pc : Eq. (14), (3) Supercritical pressures (P > P c ) and T w > T pc : Eq. (15).
The correlations developed predict almost all the experimental data from the current study and those obtained from the literature to within ± 15 %. Visual observations during experiments showed no boiling-like activity for both platinum and nichrome 60/20 wires. Only thread-like column and chaotic flow patterns were observed.
